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In this thesis, we explored and demonstrated the feasibility of fluorescence 
detection techniques for half sulfur mustard (HSM) sensing. HSM was 
investigated due to its structural similarity with sulfur mustard (HD). HD 
belongs to a class of blister agents that has the ability to cause blistering on 
contact, incapacitating troops of people during a chemical attack. Currently, 
detectors with the capability to detect and identify HD are mostly bulky and 
costly. There is a need to look into miniaturised, low cost sensors that are 
lightweight and desirably, easy-to-use. Owing to recent developments in the 
availability of inexpensive optical components and the existing chemistries for 
detection of chemical agents, fluorescence based optical chemical sensors may 
be the ideal candidate. Hence, fluorometric based platforms for the detection 
of HSM were developed; the first one comprises of DNA and graphene oxide 
while the second one comprises of cationic conjugated polymer and 
fluorescein methyl ester. Both platforms revealed the potential in HSM (both 
liquid and gas phase) sensing where detection is based on observing a quench 
in fluorescence recovery and a change in the color of fluorescence solution for 
HSM respectively. The former detection provides unambiguity while the later 
allows direct visual detection of HSM at trace levels with clearer threat level 
indications. Detection performance such as sensitivity, selectivity and 
reliability were also evaluated. 
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1. INTRODUCTION 
 
As the nation faces a growing concern regarding asymmetrical threats, such as 
terrorist attacks using chemical and biological (CB) weapons, the diversity of 
environments requiring protection is on the rise. CB sensor systems, once 
reserved for military battlefield deployments, are now appearing in civilian 
structures such as public transportation systems and office buildings. This 
expansion in the concept of operations and operational needs of CB sensor 
systems is forcing the requirements for protective sensor systems to evolve. 
Not only do future detection systems have to satisfy traditional requirements 
such as sensitivity, response time, probability of detection and false-alarm 
rates, they must also satisfy other constraining factors such as cost, power 
consumption, and maintainability. Ultimately, operators seek low-cost 
detection systems with flexible deployment capabilities that do not sacrifice 




The threat of chemical warfare agents (CWAs) has existed for many decades. 
They are chemical compounds that have strong and deleterious effect on the 
human body. Generally, they are grouped into two main types, 1) nerve agents 
(e.g. sarin, tabun, VX and others), which interfere with the nervous system and 
may eventually lead to death and 2) blister agents also known as vesicants 
(e.g. sulfur mustard, lewisites and others), which blister and burn on contact. 
In world war I (WWI), CWAs were primarily used to demoralize and 
incapacitate army and troops and regrettably, proliferation of chemical threats 
at that time, was facilitated by the fact that one can easily have access to 
chemicals used to produce dangerous mixes [Wikimedia Foundation, Inc. (c)]. 
The implementation of Chemical Weapons Convention (CWC), an arm 
control agreement that outlaws the production, stockpiling, and use of 
chemical weapons, has limited the use of chemical weapons through proper 
governance. [Wikimedia Foundation, Inc. (c)]. Nevertheless, the use of CWAs 
may be considered a perfect choice for low intensity terrorism attack because 
a chemist can readily synthesize most CWAs if the precursors are available. In 
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addition, these chemicals are not expensive, they are easy to transport and 
more importantly not easily detectable because CWAs in their pure form are 
clear and most are odorless. Today, the use of a chemical threat is very rare 
but sadly is constantly present. In 1995, Aum Shinrikyo, a Japanese cult 
carried out a chemical attack using Sarin gas on the Tokyo subway lines. This 
act of domestic terrorism killed a total of 8 people and injured many thousands 
others. Some were severely affected upon the exposure of sarin gas, while 
some were unaware of the situation got victimized due to cross contamination 
when reaching out a helping hand [Wikimedia Foundation, Inc. (d)]. The 
number of casualties could have been reduced, mitigation process could have 
been more efficient with fewer resources, if the threat was detected and 
isolated at immediate instances. 
 
An “ideal” detector plays a crucial role in the event of such a chemical attack. 
It provides early warnings, alerts the operational users to the exact threat at 
hand and triggers a whole suite of defense strategies and capabilities to 
mitigate the threat, protecting those in the front line and the public at large. 
Chemical sensors/detectors can be divided into two categories, 1) point, 
meaning that they sense threats at immediate vicinity and 2) standoff, meaning 
that they sense threats at a distance. Particularly for indoor threat terrain where 
line of sight is limited, the use of point detectors is more appropriate and 
useful.  
 
To date, an “ideal” point detector is still unavailable, however current point 
detectors have demonstrated high sensitivity and moderate selectivity to meet 
their desired functions. Nonetheless, one significant drawback is that the 
surveillance area is not wide enough due to limited operational resources. To 
overcome this problem, a lot of work has to be done to ensure that the 
placements of these critical detectors are optimal. Ideally, the availability of 
reliable low cost sensors will allow wide area protection through the 
deployment of larger number of sensors with the same amount of given 
resources. Moreover, low cost sensors are usually very portable and easy to 
operate, allowing them to potentially be built onto sensor networks for high-
resolution threat monitoring, thereby minimizing the impact of a chemical 
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attack. 
 
1.2 Problem Statement 
 
Chemical detection paper or tube is one of the cheapest and simplest piece of 
device that can be used for the detection of CWAs. Although like many other 
low cost sensors, the detection selectivity is relatively poor, improvement in 
this area such as the implementation of several specific detector papers into a 
kit has gained better reliability for its use. Thus far, due to the former 
mentioned merits and together with its portability and fast response, it is the 
only low cost sensor that has been employed by the military forces today. 
 
This is how it works: A type of CWA is detected when a distinctive color 
change is visually observed. The nerve agents are further divided into two 
classes, G and V. Hence, in the case of nerve agents, chemical detector paper 
(M8) changes from beige to either yellow or green, indicating G or V 
respectively. As for blister agents, it reacts to sulfur mustard, changing the 
color of detection paper from beige to red [Sferopoulos, 2009]. 
 
In principal, the visual technique employed may have the following problems 
1) detecting color is difficult in dim or dark areas, 2) people who suffer from 
color blindness are unable to tell a change accurately and 3) it is harder to 
provide quantitative analysis. 
 
Hence in this thesis, we aim to explore fluorescence based detection 
techniques as possible platforms for low cost sensors, where shortcomings 
with visual techniques can be overcome due to 1) the easy incorporation of 
many existing optical sensors and 2) the likelihood of unambiguous detection 
with fluorescence “turn on” and/or “turn off” as a result of target compound in 
the vicinity. At the end of the day, several parameters such as fast, portability, 
inexpensive recognition is desirable. Limitations with detectors such as slow 
responses, non-portability, lack of specificity, low sensitivity and operational 
complexity are some issues we also wished to address. 
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1.3 Scope of Work 
 
In this work, we first review and understand the technology of some existing 
low cost sensing platforms such as surface acoustic wave (SAW), colorimetric 
and fluorescence. Due to the highly destructive nature of nerve agents, the 
study of nerve detection was found to be extensive in literature whereas 
studies into blister detection were found to be limited. Consequently, most 
fluorescence based platforms have only been tested for nerve agents. Hence in 
this thesis, we pay particular attention in the development of fluorescence 
based platforms in the area of blister detection.  
 
2-chloroethyl ethyl sulfide, also known as half mustard or half sulfur mustard 
(HSM) is an analog of the blister agent, sulfur mustard (HD). Having only one 
chlorine group, it is less toxic and hence used in our case, to study the 
detection mechanism of the designed platforms against similar class of 
compounds such as sulfur mustard and nitrogen mustard. The physical 










Physical State Clear to colorless liquid Pale yellow to clear 
colorless liquid 
CAS No. 693-07-2 505-60-2 
Molecular Weight 124.63 g/mol 159.08 g/mol 
Density 1.07 g/ml 1.27 g/ml 
Flash Point 52 oC 105 oC 
Boiling Point 156 oC 217 oC (decomposes) 
Vapor Pressure 3.4 mm Hg @ 25 oC 0.11mm Hg @ 25 oC 
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Refractive Index 1.4875-1.4895 Not found 
Water Solubility Insoluble Insoluble 
Storage 
Temperature 
0-6 degC Not mention 
Toxicity (LD50) 252 mg/kg (Oral, rat) 0.7 mg/kg (Oral, human) 
Contact Risk Severe irritant to skin, 
eyes & respiratory tract 
Severe irritant to skin, 
eyes & respiratory tract 
Table 1.1: Physical Properties of HSM and HD [From: ChemBlink; 
TOXNET] 
 
We intend to look into the feasibility of novel designed platforms in the 
fluorometric detection of HSM and if positive results are obtained, testing of 
these platforms against actual CWA, HD will be performed. HD and vapor 
exposure experiments will be done in collaboration with DSO National 
Laboratories. 
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2. LITERATURE REVIEW IN LOW COST CHEMICAL SENSING 
TECHNOLOGIES 
 
In this chapter, we discuss the principle of detection of low cost chemical 
sensing technologies available today. A comparative evaluation of their 
strength and weakness in chemical warfare agents (CWAs) detection will also 
be detailed. 
  
2.1 Surface Acoustic Waves (SAW) 
 
The use of SAW technology in military forces and other national agencies is 
limited. Instead, ion mobility spectrometry (IMS) based detectors form the 
main bulk of the arsenal of point detectors used today. The principle 
advantages of IMS include simplicity and sensitivity. In addition, IMS-based 
detectors are portable and provide rapid analysis and response. However, IMS 
detectors suffer from poor selectivity and are thus prone to false alarms due to 
the non-discriminatory ionization process used. The drive to improve 
selectivity has motivated research and development in SAW based detectors 
where chemically selective polymer coatings are used. 
 
Technology 
SAW based detectors detect adsorption of an analyte on the surface of a 
piezoelectric crystal. When a time-varying electric field is applied to one side 
of a piezoelectric material, it sets up an acoustic wave that is propagated along 
the surface of the piezoelectric material and detected by electrodes located at 
the other end of the material. Changes in amplitude or phase of this wave 
occur when an analyte adsorbs onto the surface of the piezoelectric material. 
When the surface is coated with a thin film, which adsorbs chemicals 
selectively, a selective sensor is produced [Hill and Martin, 2002]. 
 
A typical SAW device comprises a piezoelectric crystal plate coated with a 
chemically selective polymer and two inter-digital transducers (IDTs), shown 
in Figure 2.1 below. The SAW operates when an alternating voltage is applied 
to the input transducer generating an alternating mechanical strain (tension or 
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compression) that initiates a SAW that travels along the surface of the 
substrate before being converted back into an electrical signal by the output 
transducers. Hence the two major processes which contribute to the detection 
of CWAs with a SAW device are the generation and change of surface waves 
on a piezoelectric crystal plate and the sorption/desorption of chemicals on the 
surface [Sferopoulos, 2009]. 
 
 
Figure 2.1: Schematic of a SAW Device [From: PAWS Systems, 1999] 
 
For these SAW devices to selectively detect targeted chemicals, the 
propagation path of the acoustic wave is coated with a selected polymer 
substance. This is because the piezoelectric crystal itself does not have the 
ability to attract and sorb target chemicals. A thin layer of polymer substrate is 
normally chosen as polymers have many free, active sorption sites that can 
effectively sorb the incoming chemical molecules [Sferopoulos, 2009]. 
 
The polymer films are normally chosen so that each will have a different 
chemical affinity for a variety of organic chemical classes such as 
hydrocarbon, alcohol, ketone, oxygenated, chlorinated, and nitrogenated. The 
selectivity of a polymer coating to a specific chemical vapor is determined by 
the type of molecular interaction between them. If the polymer films are 
properly chosen, then each chemical vapor of interest will have a unique 
overall effect on the set of devices [Data Sheet, 2005]. 
 
The SAW sensor coatings must also have unique physical properties such as 





8. Surface Acoustic Wave (SAW) 
The introduction of SAW technology into military and civil defence is relatively new and as 
such it is expected that a number of improvements will take place over the next few years28, 55. 
SAW chemical detectors are able to identify and measure many CAs simultaneously and are 
relatively inexpensive, making them a popular choice amongst civilian response units67.  
 
SAW sensors operate by detecting changes in the properties of acoustic waves as they travel at 
ultrasonic frequencies in piezoelectric materials15. The piezoelectric effect occurs when a 
piezoelectric plate, made of a natural crystal such as quartz, is subjected to a mechanical 
strain, such as tension or compression, and an electric voltage is generated12.  
 
8.1 Surface Acoustic Wave Tec nology 
A typical SAW device comprises a piezoelectric crystal plate coated with a chemically 
selective polymer and two int digital transducers (IDTs), shown in Figure 3312. The SAW 
operates when an alternating voltage is applied to the input transducer generating an 
alternating mechanical strain (tension or compression) that initiates a SAW that travels along 
the surface of the substrate befor  being converted back in o an electrical ignal by the output 
transducers108. Hence the two major processes which contribute to the detection of CAs with a 
SAW device are the generation and change of surface waves on a piezoelectric crystal plate 
and the sorption/desorption of chemicals on the surface12. 
 
  
Figure 33: Schematic of a SAW Device108 
 
For these SAW devices to selectively detect targeted chemicals, the propagation path of the 
acoustic wave is coated with a lected polymer substance12. This is because he pi zoelectric 
crystal itself does not have the ability to attract and sorb target chemicals12. A thin layer of 
polymer substrate is normally chosen as polymers have many free, active sorption sites that 
can effectively sorb the incoming chemical molecules. Sorption is thus defined as the 
simultaneous adsorption and absorption of a molecule by the substrate12.  
 
When a sample vapour enters the SAW detector, molecules i  the vapour come in contact 
with the polymer surface at a certain rate, depending upon the vapour flow. When a CA 
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response to the CWAs. This is necessary for the sensor to recover from 
exposure to the gas of interest [Chen et al., 2007]. 
 
The unique SAW pattern arrays acquired upon the exposure to gas of interest 
will be used for identification through the implementation of pattern 
recognition methods. Chen et al. [2007] demonstrated the detection of sarin, 
sulfur mustard and dimethyl methyl phosponate through the use of 
probabilistic neural network (PNN). 
 
Advantages 
SAW devices with good detection sensitivity can be manufactured at 
relatively low cost. They respond rapidly to chemicals deposited on their 
surface and can be miniaturized easily. They use an effective and reliable 
method for detection of low levels of nerve and blister agents and in theory, 
are not typically subject to false alarms. Through proper design, SAW 
detectors can be used to effectively detect CWAs in a variety of environmental 
conditions [Sferopoulos, 2009]. 
 
Disadvantages 
The sensitivity and response of a SAW-based device is limited by its 
polymer’s absorption ability. Theoretically, a SAW device could have a low 
false alarm rate however, it is not possible for a polymer to sorb only one 
chemical, and in reality, a single polymer will usually sorb several different 
chemicals from a gas mixture thus leading to potential false alarms. However, 
this may be overcome by setting up an array of sensors coated with polymers 
intended for the selective sorption of differing groups of chemicals 
[Sferopoulos, 2009]. 
 
The performance of SAW devices can also be affected by temperature and 
humidity variations and SAW devices are often susceptible to damage from 
some highly reactive vapors. The polymer coatings can physically change 
when a device is exposed to conditions outside the operating temperature 
range and once the coating has physically changed, a sensor's ability to 
effectively detect the gas of interest is compromised. The different polymer 
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coatings used in SAW devices have varying sensitivities to humidity, however 
the pre-concentrator can dramatically reduce the effects of humidity on a 
detector's performance [Sferopoulos, 2009]. 
 
It is also challenging to manufacture polymer coatings of equal thickness and 
uniformity in SAW devices. Such differences can lead to variations from the 
expected SAW signature leading to difficulties in the successful 




Colorimetric detection is a wet chemistry technique formulated to indicate the 
presence of a chemical agent by a chemical reaction that causes a color change 
when agents come into contact with certain solutions or substrates. 
Colorimetric detectors have been employed by the military for a number of 
years as they are the fastest, cheapest, lightest and easiest type of detector to 
use in the field [Kosal, 2003]. 
 
Colorimetric devices for gas phase detection come in few forms, e.g. film 
paper, badges and tubes. These devices are not costly as no electronic 
component is involved. Human eyes are the sole source of determining the 
change in color and the intensity of the color changed can be related to the 
amount of targeted compound in the air [Sun and Ong, 2004]. 
 
For more efficient active colorimetric gas detection, it may include the use of 
an additional portable hand pump. In this system, reagents either in solid form 
or impregnated onto appropriate porous beads are packed in a tube and two 
ends of the tube are broke open prior to detection; one end affixed to the hand 
pump and the other end is left open to draw in air for analysis. Figure 2.2 
shows a colorimetric tube affixed to a hand pump (pistol type typically) and 
the direction of air being drawn through the colorimetric tube via the hand 
pump for gas detection. 
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Colorimetric gas sensors are high selectivity to only one gas. This selectivity 
is achieved via a chemical reaction between the gas of interest and the dye 
used. The reaction depends on the chromogenic material. For the detection of 
ammonia, pH indicators like bromophenol blue or bromocresol purple can be 
used. In this case, the gas acts as a Lewis-base and induces the color change 
due to hydrogen release. Other gasochromic materials are complexes. Their 




The major advantages of colorimetric detectors are that they are easy to use, 
low-cost and provide relatively fast responses. Also because most colorimetric 
detectors are designed to be selective, that is the selected reagent will only 
react with a specific class of chemical compound to produce a color change, 
they suffer from low false alarm rates [Sun and Ong, 2004]. 
 
Disadvantages 
Although selectivity is one of the major advantages of these detectors, it can 
also be one of the major disadvantages. Due to their selectivity, many different 
colorimetric detectors would be required in field applications thereby 
increasing the logistic footprint. However to overcome this problem, some 
companies have produced kits which incorporate several different tests for 
detecting specific classes of compounds [Sun and Ong, 2004]. 
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The color changes produced by colorimetric detectors rely on visual signal 
processing, which may also be problematic. Firstly, each person has a slightly 
different color perception and some people may suffer from some degree of 
color blindness thus impairing their ability to observe certain color changes. It 
is also difficult to observe color in dim or bright light which may limit the 
effectiveness of colorimetric detection devices. 
 
To improve the effectiveness of colorimetric devices, Wöllenstein et al. [2011] 
explored the feasibility of a colorimetric gas sensor system based on a planar 
optical waveguide. The color change of the dye, due to gas exposure, leads to 
changes in the evanescent field on the waveguide surface, which can be 
directly detected by changes in the output voltage of the photo detector 
thereby allowing plausible quantitative analysis, making detection more 
prominent. This however increases the cost of the system greatly, rendering its 




Fluorescence is used in the life sciences generally as a non-destructive way of 
tracking or analysing biological molecules. Some proteins or small molecules 
in cells are naturally fluorescent, which is called intrinsic fluorescence or auto-
fluorescence (such as tryptophan or endogenous chlorophyll, phycoerythrin or 
green fluorescent protein). Alternatively, specific or general proteins, nucleic 
acid, lipids or small molecules can be "labelled" with an extrinsic fluorophore, 
a fluorescent dye which can be a small molecule, protein or quantum dot. 
Several techniques exist to exploit additional properties of fluorphores, such as 
fluorescence resonance energy transfer (FRET), where the energy is passed 
non-radiatively to a particular neighbouring dye, allowing proximity or protein 
activation to be detected [Wikimedia Foundation, Inc. (a); Joseph, 2006; Life 
Technologies Corporation]. 
 
Similarly, fluorescence techniques are also employed in chemical detection. In 
fact, one of the most convenient and simplest means of chemical detection is 
generating an optical event, such as a change in fluorescence intensity or color 
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[de Silva et al., 1997]. Particularly in the detection of chemical warfare agents, 
Burnworth et al. [2007] reviewed the potential and development of various 
types of viable fluorescent sensors in visualizing the presence of nerve agents 
(and related pesticides) through changes in their fluorescence properties.  
 
Technology 
Fluorescence is the emission of light by a substance that has absorbed light or 
other electromagnetic radiation. It is a form of luminescence and occurs in 
polyaromatic hydrocarbons or heterocyclic compounds called fluorophores or 
fluorescent dyes. When a fluorophore is hit by a passing photon, it first 
absorbs energy and gets to an excited state. Next, the fluorophore either 
undergoes conformational changes or interacts with its molecular environment 
as it relaxes and releases a photon by fluorescence emission. As energy is 
dissipated in the preceding juncture, the energy of this photon is lower, and 
therefore of longer wavelength as compared to the excitation photon. The 
Jablonski diagram in Figure 2.3 below illustrates the entire process of 
fluorescence and describes the relaxation mechanisms of an excited state 
molecule [Wikimedia Foundation, Inc. (b)]. 
 
 
Figure 2.3: Jablonski Diagram of Fluorescence describing the following: After 
an electron absorbs a high-energy photon, the system is excited electronically 
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and vibrationally. The system then relaxes vibrationally, and eventually 
fluoresces at a longer wavelength. [From: Wikimedia Foundation, Inc. (b)] 
 
Key properties of fluorophores include the absorption maximum (λmax), the 
emission maximum (λem), the extinction coefficient (ε), and the fluorescence 
quantum yield (Φ). The difference between λmax and λem is termed the “Stokes 
shift” in homage to Stokes. The extinction coefficient, or molar absorptivity, is 
a measure of the probability of light absorption by the dye. The quantum yield, 
or quantum efficiency, is the ratio of the number of photons emitted to the 
number of photons absorbed. The relative brightness of fluorophores can be 
determined by comparing values of ε×Φ, which takes into account both the 
photons absorbed and the efficiency of the fluorescence process. For use in 
biological experiments, other properties of fluorophores become important, 
such as solubility, tendency for aggregation, photobleaching rates, and 
sensitivity to environments [Grimm et al., 2013]. 
 
Taking into account the key properties of fluorophores, scientists are able to 
fine-tune the fluorophores for specific applications [Lavis and Raines, 2008], 
be it by doping or modifying synthesis routes. In Simonian et al. [2005] work, 
supramolecular concept is exploited and the attachment of gold nanoparticles 
is shown to play a critical role in the enhancement of fluorescence intensity 
via strong local electric field. The fluorescence enhancement is a function of 
the distance from the fluorophore to the gold nanoparticle, and therefore a 
significant reduction of the fluorescence intensity is observed if the 
fluorophore is displaced from the enzyme-binding site. This displacement 
occurs through competitive binding with an analyte (e.g. paraoxon) that has a 
higher binding affinity for the enzyme than the DDAO phosphate as shown in 
Figure 2.4.  
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Figure 2.4: Schematic of Analyte Displacement of a Fluorophore (diammoniu, 
9H-(1,3-dichloro-9,9-dimethylacridin-2-one-7-yl, DDAO phosphate) from 
OPH-gold Complex, Leading to a Reduction in Fluorescence. [From: 
Simonian et al., 2005] 
 
Beside small-molecule fluorophores, conjugated polymers (CPs) also exhibit 
strong luminescence. There are advantages to using CPs in fluorescent sensory 
schemes due to amplification resulting from efficient energy migration. 
[McQuade et al., 2000] A well design platform can thus lead to naked-eye 
detection or revealing contaminated area simply by using a UV lamp. 
Furthermore, fluorophores could also be incorporated into light emitting and 
sensing platforms creating optical sensors for real time CWAs detection. 
 
Ho et al. [2001] explored the use of fiber optic sensors to detect volatile 
contaminants. A chemically interacting thin film formulated to bind with 
certain types of chemical was attached to the tip of the fiber optic sensor. 
Contaminant concentration was be found by measuring the color of the thin 
film, the change in refractive index, or by measuring the fluoresce of the film. 
 
Advantages 
Fluorescence sensing offers a number of benefits such as high sensitivity as a 
result of  (i) large signal changes through various amplification methods, (ii) 
detection against a low background due to Stoke shift mechanism and (iii) the 
cyclical property of the fluorophores used. In addition, fluorescence platform 
can be designed to produce on-off responses, which provides a clear trigger of 
a CWA event.  
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Due to developments within the last decade with regards to the availability of 
inexpensive optical components such as light emitting diodes (LEDs), fiber 
optics etc. and the development of existing chemistries for the detection of 
CWAs, fluorescence based optical chemical sensors now lend themselves well 
to potential field deployable easy-to-use devices.  
 
Disadvantages 
Fluorescence is not observed in wavelength below 250 nm (σ* → σ), and the 
transitions concerned are confined to either π* → n or π* →   π. Thus the 
application is basically limited to only those compounds with such transitions. 
In some cases, it requires dyes to form complexes that can fluoresce and this 
may lead to errors in quantitative analysis. 
 
For naked-eye detection in the UV-visible range, some CWAs may not be 
easily differentiated and concentration range sensitivity may also be limited. 
These problems are no longer major concerns when it is being implemented 
into an optical sensor, selectivity of the system can also be enhanced through 
array detections. However, the cost of these sensors are likely to increase and 
that layers of coatings used in the sensors may degrade with time. 
 
2.3.1 Modes of Fluorescence Detections 
 
In this section, we broadly detail the three main modes of fluorescence 
modulation that can be used in the detection of CWAs. They are namely, (i) 
fluorescence suppression techniques, (ii) fluorescence resonance energy 
transfer (FRET) and (iii) modification of the dye structure. 
 
Fluorescence Suppression Techniques 
The most straightforward method to control fluorescence is to install a 
blocking group onto the dye that suppresses or eliminates fluorescence. 
Fluorescence is restored by removal of this group through an enzyme-
catalyzed reaction, photolysis, or another covalent bond cleavage. A classic 
example is fluorescein diacetate (1) shown in Figure 2.5A. Acetylation of the 
phenolic oxygens of fluorescein forces the molecule to adopt a nonfluorescent, 
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“closed” lactone form. Hydrolysis of the acetate esters by chemical or 
enzymatic means yields the highly fluorescent fluorescein in the “open” form 
(2: λmax/λem = 490/514 nm, ε = 9.3 × 104 M-1cm-1, and Φ = 0.95). Control of 
the open–closed equilibrium in fluoresceins and rhodamines is a versatile 
method for constructing fluorogenic biological probes [Grimm et al., 2013]. 
 
 
Figure 2.5: Modes of Fluorescence Modulation [From: Grimm et al., 2013] 
 
Fluorescence Resonance Energy Transfer (FRET) 
Fluorescence resonance energy transfer, also known as förster resonance 
energy transfer is a mechanism describing energy transfer between two 
chromophores. A donor chromophore, initially in its electronic excited state, 
may transfer energy to an acceptor chromophore through nonradiative dipole–
dipole coupling [Helms, 2008]. 
 
eliminates fluorescence. Fluorescence is restored by removal of this group
through an enzyme-catalyzed reaction, photolysis, or another covalent bond
cleavage. A classic example is fluorescein diacetate (1) shown in Fig. 1.1A.
Acetylation of the phenolic oxygens of fluorescein forces the molecule to
adopt a nonfluorescent, “closed” lactone form. Hydrolysis of the acetate es-
ters by chemical or enzymatic means yields the highly fluorescent fluorescein
in the “open” form (2; lmax/lem¼490/514 nm, e¼9.3"104 M#1 cm#1,
andF¼0.95).3,4 Control of the open–closed equilibrium in fluoresceins and
rhodamines is a versatile method for constructing fluorogenic biological






















































































































Figure 1.1 Modes of fluorescence modulation involving small molecule fluorophores.
4 Jonathan B. Grimm et al.
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A useful application of this energy transfer uses boron dipyrromethene 
(BODIPY) dyes, which are environmentally insensitive and show small 
Stokes shifts of <20 nm. An example of a fluorogenic compound exploiting 
homo-FRET between two BODIPY dyes is phospholipase substrate 3 (Figure 
2.5B), which is relatively nonfluorescent because of energy transfer between 
the two fluorophore moieties incorporated into the lipid chains. Enzyme-
catalyzed hydrolysis of the ester bond yields fatty acid 4 and phospholipid 5, 
both of which are highly fluorescent (λmax/λem = 505/514 nm, ε = 9.1 × 104 M-
1cm-1, and Φ = 0.94) [Grimm et al., 2013]. 
 
The efficiency of this energy transfer is inversely proportional to the sixth 
power of the distance between donor and acceptor making FRET extremely 
sensitive to small distances. Measurements of FRET efficiency can be used to 
determine if two fluorophores are within a certain distance of each other. Such 
measurements are used as a research tool in fields including biology and 
chemistry [Helms, 2008].  
 
Modification of the Core Structure of the Dye 
The structure of the dye can be modified via (a) chemistry, (b) environmental 




An example of this strategy is the trans-cinnamic acid derivative 6 shown in 
Figure 2.5C. Illumination of such molecules with UV light causes transà cis 
isomerization. The cis form undergoes rapid lactonization with cleavage of the 
ester bond, generating a fluorescent coumarin 7 [Grimm et al., 2013]. 
 
(b) Change in Environmental Conditions 
Changes in environment such as polarity can also elicit increases in 
fluorescence, resulting in fluorogenic dyes. One example of this phenomenon 
is the phenoxazine dye Nile Red (8: Figure 2.5D). Compound 8 absorbs at 591 
nm, emits at 657 nm, and is relatively nonfluorescent in aqueous solution. In 
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nonpolar media, such as xylene, Nile Red undergoes a dramatic hypsochromic 
shift (λmax/λem = 523/565 nm) and an increase in quantum yield. This allows 
fluorescent staining of hydrophobic regions, such as lipid droplets, in living 
cells [Grimm et al., 2013]. 
 
(c) Alteration in Electronic Structure of the Dye 
Alterations in the electronic structure of the dye or its appendages can cause 
changes in fluorescence. An example of a probe type utilizing this process is 
the fluorescent Ca2+ indicators such as Fluo-4 (9: Figure 2.5E). In the apo 
state, the lone pairs of electrons on the aniline moieties of the 1,2-bis(o-
aminophenoxy)ethane-N,N,N’N’-tetraacetic acid (BAPTA) chelation motif 
quench fluorescence because of photoinduced electron transfer (PET). Ca2+ 
chelation changes the energy of these lone pairs of electrons, making PET less 




The potential sensitivity and versatility in the sensor platform of fluorescence 
detection techniques makes it a promising technology for the development low 
cost, lightweight miniaturized sensors that are severely lacking today. 
 
In this thesis, we therefore seek to explore and demonstrate the feasibility of 
fluorescence detection techniques that can be used for CWAs sensing, 
particularly for half sulfur mustard (HSM). HSM is less toxic, often used to 
study the destructive effect and other proposition associated with sulfur 
mustard (HD). 
 
Chapter 3 and 4 describe the design of two fluorometric detections of HSM 
and/or HD based on techniques utilizing electrostatic interactions and energy 
transfers. Different platforms are carefully designed, tested and evaluated 
accordingly to desire detection capability. Lastly, chapter 5 sums up the 
effectiveness of the platforms in detecting HSM and vitally, assess their 
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potential in real HD threat scenarios. Future possible works are also 
recommended to help fill up existing gaps that are identified. 
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3. DESIGN OF DNA/GRAPHENE OXIDE NANOCOMPOSITES 
PLATFORM FOR HALF SULFUR MUSTARD DETECTION 
 
An unambiguous detection is always desired but often not attained. In the case 
of fluoroscence based detection, clearer deduction leading to unambiguous 
call could be made if for example, complete fluoroscence quenching rather 
than marginal fluoresence signal changes were ensued upon the binding of a 
targeted compound.  
 
The detection of a targeted compound through fluorescence quenching is 
often achieved through energy transfer or electron transfer process. 
Graphene oxide (GO) is a disordered, but two-dimensional, polymer of 
carbon, oxygen, and hydrogen; formed by reacting graphite powder with 
strong oxidizers. It is renowned for its excellent electronic, mechanical and 
super-quenching properties. Besides that, it contains a range of reactive 
oxygen functional groups and these reactive oxygen functional groups, 
together with aromatic domains on its basal planes facilitate covalent 
and/or electrostatic interactions with many compounds [Stankovich et al., 
2006; Li et al., 2008; Novoselov et al., 2004, Dong et al., 2010].  
 
Recently, Lu et al. [2009] developed a protocol using GO to examine DNA 
successfully. They noticed that efficient fluorescence quenching took place 
as dye labeled single stranded DNA was absorbed strongly onto GO 
surface, and fluoroscence could be recovered when dye labeled single 
stranded DNA was released from GO, upon duplex formation with its 
complimentary strand or due to recognition binding with a target molecule. 
Using similar strategy, GO based sensors have been developed to detect 
metal ions, heparin, enzyme and bacteria, etc [Wen et al., 2010; Zhang et 
al., 2011; Jung et al., 2010; Cai et al., 2011]. In this chapter, we designed a 
new platform for the detection of HSM based on its reaction with DNA and 
the absence of fluorescence with GO as the “efficient quencher”.  
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3.1 Probe Design & Composition 
 
In this section, the design of fluorometric detection for half sulfur mustard 
(HSM) resulting in fluorescence “turn off” due to its reaction with DNA and 
GO will be described. The materials and instrumental equipment used in this 
work will also be elaborated in the subsequent subsections. 
  
3.1.1 Detection Mechanisms 
 
 
Figure 3.1: Schematic Illustration of HSM Detection 
 
As shown in Figure 3.1, the assay consists of GO and two single stranded 
DNA molecules, one is Cy5 labeled (Cy5-ssDNA: Cy5-5’-ATC TTG ACT 
ATG TGG GTG CT-3’), and the other is its complementary strand (ssDNAc: 
5’-AGC ACC CAC ATA GTC AAG AT-3’). First, Cy5-ssDNA and GO are 
mixed together where they form a self-assembled complex via π-π stacking. 
This results in energy or electron transfers and leads to complete quenching of 
the dye fluorescence. Next, ssDNAc is added and in this step, two fluorescence 
responses are postulated: 1) In the absence of HSM, the Cy5-ssDNA-GO 
complex disassembles as hybridization between Cy5-ssDNA and ssDNAc 
takes place, leading to the restoration of fluorescence. 2) In the presence of 
HSM, no restoration is observed because similar to sulfur mustard (HD), HSM 
is capable of distorting the chemical structure of DNA and hence hybridization 
between the two single stranded DNA molecules is disrupted, obviating the 
release of Cy5-ssDNA. The distinct fluorescence response with HSM (“dark 






Highly Sensitive Fluorometric Hemi-Sulfur Mustard 
Detection Based on DNA/Graphene Oxide 
Nanocomposite Platform 
 
Tan Hiong Jun Angela, Xu Qiao, Liu Bin 
Department of Chemical and Biomolecular Engineering, National University of Singapore,  
4 Engineering Drive 4, Singapore, 117576, Tel: +65 65168049, Fax: +65 67791936  
a0082683@nus.edu.sg 
!  Exposure to sulfur mustard (HD) gas can cause a series of deleterious effects such as eye and skin injury, respiratory damage and many others. It is 
crucial to monitor its presence to prevent such threats to public health. 
!  Most developed techniques for HD detection require laborious sample preparation steps and/ or careful analysis by highly skilled operators. 
!  This work presents a new strategy to detect hemi-sulfur mustard (HSM), a structural analog of HD, based on the reaction between DNA and HSM in the 
presence of graphene oxide (GO). This fluorescence based assay with biomolecules as the host, is a relatively simple method and can be easily 
performed at room temperature. 
Two-Dimensional Graphene Oxide (GO)  
!  Received tremendous attentions due to its excellent electronic, 
mechanical and super-quenching properties 
!  Able to adsorb dye labeled ssDNA strongly onto GO surface via !-! 
stacking and subsequently quench the fluorescence through energy 











Reaction between DNA & HSM/ HD 
!  Cyclic sulfonium ion from HSM/ HD alkylates guanine 
nucleotide in DNA strands  
!  Causes structural distortion that hinders DNA hybridization and 
replication  
Fig 1. Schematic illustration of HSM detection 
Dye labeled ssDNA  
(Cys5-ssDNA) 
i.  in solution alone 
ii.  treated with HSM 
Strong adsorption of Cy5-ssDNA onto 
GO leading to complete quenching of 
dye fluorescence 
Addition of complementary strands (ssDNAc) 
i.  Fluorescence recovery as DNA duplex 
is formed & released 
ii.  Remained as dark Cy5-ssDNA & GO complex 
due to inefficient hybridization between altered 
Cy5-ssDNA (treated with HSM) & ssDNAc 
Fig 2A. Fluorescence (FL) spectra of Cy5-ssDNA 
at pH 5.0, 15mM Tris HCl buffer in the absence 
and presence of 0.21 mg/mL GO; Inset: FL spectra 
of Cy5-ssDNA upon addition of GO with 
concentrations 0-0.21 mg/mL. 
Fig 2B. FL recovery by consecutively adding  
ssDNAc into solution with HSM ranging from 1.7  
" 10-7 to 1.7 " 10-3 M (curve5, 4, 3, 2, 1 respectively) 
and in the absence of HSM (curve6). [GO] = 0.21 
mg/mL, [Cy5-ssDNA] = 0.1#M, [ssDNAc] = 0.6#M. 
Fig 3. FL spectra of Cy5-ssDNA reacted with 
1.7mM CEP (curve1), 1.7mM bromoethane 
(curve 7) and 1.7mM HSM (curve4), then 
subsequently adding GO (curve2, 8 and 5 
respectively) and finally adding ssDNAc (curve 
3, 9 and 6 respectively) at pH 5.0, 15mM Tris 
HCl buffer. [GO] = 0.21 mg/mL, [Cy5-ssDNA] 
= 0.1 #M, [ssDNAc] = 0.6 #M,  
Note: $ex= 580nm for all fluorometric analysis 
Fig 4. Experimental setup for HSM vapour exposure test (Special thanks to DSO National 
Laboratories for providing the facilities and support in builiding this vapour generation line) 
Conclusion 
We have developed a simple method to detect 
HSM, taking advantage of its reaction with DNA 
and the absence of fluorescence with GO as the 
“efficient quencher”. The assay has shown high 
selectivity to HSM with a detection limit of 1.7 " 
10-6 M. The present method is applicable to gas 
detection (see experimental setup in Fig 4) and is 
easy to operate under normal environmental 
conditions (fluorometric responses were 
comparable to detecting HSM in liquid phase, not 
presented here). Moreover, due to the structural 
similarity between HD and HSM, the protocol 
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3.1.2 Materials 
 
All experiments involving DNA were carried out using 15 mM Tris-HCl 
buffer solution (pH 5.0) as the reaction medium. This buffer solution was 
prepared using 10× Tris-HCl (pH 8.0), followed by subsequent dilutions with 
Milli-Q water (18.2 MΩ at 25 °C). The 10× Tris-HCl stock solution was 
purchased from 1st BASE company.  
 
Ultra low range DNA ladder was purchased from fermentas life sciences. All 
other chemicals were of analytical reagent grade and purchased from Sigma-
Aldrich Chemical Company unless otherwise stated.  Cy5-ssDNA is Cy5-5’-
ATC TTG ACT ATG TGG GTG CT-3’ and its complementary sequence 
ssDNAc is 5’-AGC ACC CAC ATA GTC AAG AT-3’. 
 
3.1.3 Synthesis & Characterization of Graphene Oxide 
 
 GO was synthesized according to a literature reported by Qi et al. [2009]. 
Briefly, graphite powder (100 mg), K2S2O8 (5 g) and P2O5 (5 g) were 
dispersed in 30 ml H2SO4, and heated up to 90 °C for 4.5 h. The solution was 
then washed and dried in a vacuum oven for one day at 60 °C. The next day, 
dry powder was obtained and mixed with KMnO4 slowly at controlling 
temperatures below 35 °C. After 2 hours, 2 ml 30% H2O2 was injected into the 
solution to quench to reaction. Finally, 1 L water was added into the solution 
and centrifuged with H2O:HCl (V:V, 1:1) and water until the pH of 
supernatant solution reached 7.0. The purified powder was re-dispersed in 
water and sonicated to obtain product, GO. 
 
The formation of GO is affirmed by topological information obtained through 
atomic force microscopy (AFM) analysis.  All AFM measurements were 
carried on Nanoscope III (Digital Instruments, Santa Barbara, CA) in the 
tapping mode with a scan rate of 1.0 Hz. The specimens for AFM analyses 
were prepared by depositing GO samples in aqueous solutions on fresh mica 
sheets and dried in vacuum conditions overnight. The measured thickness of a 
single-layer GO sheet is reported to be in the range of 1.0-2.0 nm. 
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3.1.4 Instrumentation 
 
Fluorescence measurements were carried out on a luminescence spectrometer, 
Perkin-Elmer LS-55 instrument, equipped with a xenon lamp excitation source 
and a Hamamatsu (Japan) 928 photomultiplier tube (PMT), using 90° angle 
detection for all samples. The excitation energy at different wavelength was 
automatically adjusted to the same level by an excitation correction file. The 
instrument was controlled and operated using FL WinLab Software. 
  
3.2 Test Methodology 
 
In this section, the experimental methods and test setup in evaluating the 
detection performance of the designed platform against HSM in liquid and 
vapor phase will be discussed. The evaluation criteria form the basis of the 
work where the detection capabilities such as sensitivity and selectivity will be 
examined. 
  
3.2.1 Evaluation Criteria 
 
The experiments are divided into two portions, namely to determine the 
detection performance of the designed platform against HSM in 1) liquid and 
2) vapor phase. First, the feasibility of detecting HSM in liquid phase is 
established. In the process, detection limit and range of the assay are assessed. 
The selectivity of the assay is also challenged where fluorescence responses of 
two other test compounds are examined and compared against the results of 
the targeted compound, HSM. 
 
With positive outcomes from the above tests, similar investigation will then be 
done to assess the detection capability of the designed platform against HSM 
gas. The application of this assay in gas detection is crucial as chemical agent 
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3.2.2 Experimental Test Matrix 
 
In this experiment, the initial fluorescence curve of Cy5 labeled ssDNA was 
attained. This fluorescence was quenched with subsequent addition of GO 
before complimentary ssDNA (ssDNAc) was added to obtain its fluorescence 
recovery rate. 100% recovery rate is determined when fluorescence intensity 
of the solution remains the same with increment amount of ssDNAc added. 
This fluorescence restoration without the presence of HSM hence represents 
the reference blank in this experiment. 
 
Table 3.1A and 3.1B list the details of the blank’s content and test compounds 
that were included for the comprehensive evaluation of the assay. Two 
structural analogs of HSM were used as interferent compounds in the 
selectivity study. 
 
Detection of HSM in 
Liquid Phase 
Test Compound Details 
Blank/Control - Test solution: 
Cy5-ssDNA, GO and 
ssDNA in 15 mM Tris 
HCl buffer (pH 5.0) 
[Cy5-ssDNA] = 0.1 µM  
[GO] = 0.21 mg/ml 
[ssDNAc] = 0.6 µM 
Targeted Compound 2-chloroethyl ethyl sulfide 
(Half Sulfur Mustard, 
HSM) 
HSM in ethanol 
1.7 × 10-7 to 1.7 × 10-3 M 
Interferent 1 1-(2-chloroethylsulfonyl) 
propane (CEP) 
CEP in ethanol 
1.7 × 10-3 M 
Interferent 2 Bromoethane Bromoethane in ethanol 
1.7 × 10-3 M 
Table 3.1A: Elements of Experimental Test Matrix for Liquid Phase Detection 	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Detection of HSM in 
Gas Phase 
Test Compound Details 
Blank/Control Lab environment air 25 oC 
10-15% RH 
Targeted Compound 2-chloroethyl ethyl sulfide 
(Half Sulfur Mustard, 
HSM) 
HSM in air 
Source: 20 ml neat HSM 
Heater temp: 40 oC 
Flow rate: 10 ml/min 
Exposure time: 
1) 30 mins  
2) 10 mins  
3) 5 mins 
Table 3.1B: Elements of Experimental Test Matrix for Vapor Phase Detection 
 
3.2.3 Test Setup For Vapor Exposure Study 
 
A gas diffusion cell consisting of 5 insertions and well insulated heating 
elements is used for the generation of HSM gas vapor required for the 
evaluation of test solution containing DNA/GO. The experimental set-up as 
shown in Figure 3.2 is fabricated using Teflon tubing and Swagelok parts as 
connectors and it is currently located at DSO National Laboratories.  
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10-20 µl of neat HSM is placed in a 2 ml vial and loaded into the gas diffusion 
cell for test. The cell can then be heated up (40 to 50 + 1 oC depending on 
vapor pressure of compound) via manipulation of its temperature parameters 
at the heat controller box. HSM vapor gas is thus generated and diluted with 
passing air flowing (flow rate set at 10-100 ml/min) above the vial’s 
headspace to the test solution. Note and ensure that 1) air is only turn on after 
the loading of vial(s) containing HSM and 2) test solutions are properly 
connected to sparger 1 and 2. 
 
The following steps below are the approaches taken to generate desired HSM 
vapor of different increasing concentrations for the study (note that reducing 
dilution flow rate has negligible effect in the case of single airflow system): 
 
1) Increase the interaction time, varying from 5 to 60 minutes 
2) Increase the temperature of diffusion cell heater, varying from 40 to 80 oC 
3) Increase the number of vials in the diffusion cell, varying from 1 to 5 vials 
 
3.2.4 Experimental Procedures 
 
Primary, test solution consisting of Cy5-ssDNA and GO is prepared by adding 
Cy5-ssDNA and GO to 1 ml of 15 mM Tris HCl buffer (pH 5.0) solution in a 
1.5 ml cuvette. The test concentration of Cy5-ssDNA is set at 0.1 µM while 
the concentration of GO is determined and optimized via incremental addition 
of GO in achieving complete fluorescence quenching.  
 
Following that, analysis of reference blank is carried out accordingly to the 
steps shown in Procedure A. 
 
Procedure A 
1) Analyze test solution containing Cy5-ssDNA and GO with a luminescence 
spectrometer 
2) Add known amount of ssDNAc into the solution and mix well 
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3) Analyze the resultant solution with the luminescence spectrometer using 
the same set of scanning parameters 
4) Repeat step 2 and 3 until fluorescence intensity of test solution remains 
unchanged 
5) Note down the final fluorescence signals and total amount/concentration of 
ssDNAc used in restoration of the dye fluorescence 
 
The detection capability and detection limit of the assay against HSM in liquid 




1) Prepare HSM stock solution containing known amount of HSM in ethanol 
2) Add 1 µl of HSM stock solution into test solution containing 0.1 µM Cy5-
ssDNA and analyze the mixture with a luminescence spectrometer 
3) Add same amount of GO that was optimized earlier and check the 
resultant fluorescence signals (low/near baseline intensity should be 
observed) 
4) Finally, add ssDNAc (same amount as determined in step 5 of Procedure A) 
and mix well 
5) Allow the solution to stand for 5 minutes and analyze it with a 
luminescence spectrometer 
6) Stop the experiment if low/near baseline fluorescence is observed is step 5. 
If not, repeat step 2 by adding 1 µl more of HSM stock solution into fresh 
test solution containing 0.1 µM Cy5-ssDNA 




1) Prepare new HSM stock solution of concentration ten times lower than in 
Procedure B 
2) Add 1 µl of HSM stock solution into test solution containing 0.1 µM Cy5-
ssDNA and analyze the mixture with a luminescence spectrometer 
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3) Add same amount of GO that was optimized earlier and check the 
resultant fluorescence signals (low/near baseline intensity should be 
observed) 
4) Finally, add ssDNAc (same amount as determined in step 5 of Procedure A) 
and mix well 
5) Allow the solution to stand for 5 minutes and analyze it with a 
luminescence spectrometer 
6) Repeat step 2 to 5 with new HSM stock solution of lower concentration 
until 100% fluorescence restoration is achieved (intensity signals as 
defined in step 5 of Procedure A) 
 
As for the selectivity study, the fluorescence response towards 1-(2-
chloroethylsulfonyl) propane (CEP) and bromoethane are examined using 
similar concentrations and steps mentioned in Procedure B (step 1 to 5), in 
replacing HSM with the compound of interest. 
 
Lastly, after verifying the detection performance of the assay against HSM in 
liquid phase, vapor exposure test will be performed to finalize the assay’s 
detection capability and application. Detailed steps in HSM vapor generation 
and analyses are as described below: 
 
Equilibration 
1) Weigh and load one 2 ml vial containing 20 µl of neat HSM into the 
diffusion cell 
2) Set heater plate temperature to 40 oC 
3) Turn on diffusion cell’s valve 
4) Turn on and set the flowrate of rotameter 2 and 3 (two ways valve directed 
to outlet 3) to 10 ml/min 
5) Allow the test conditions to equilibrate for 1 hour 
 
HSM Vapor Exposure 
1) Place two 2 ml vials, each containing 0.1 mM Cy5-ssDNA in buffer 
solution at sparger 1 and 2 (volume of test solution = 1 ml) 
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2) Turn on and set the flowrate of rotameter 1 to 10 ml/min 
3) Switch two ways valve, directing its flow to sparger 2 (increase air flow 
slightly if necessary to ensure that rotameter 2 and 3 is at 10 ml/min) 
4) Time the duration of exposure and re-direct the flow of two ways valve to 
outlet 3 when exposure time is up 
5) Repeat step 1 to 4 for different exposure time 
6) Turn off all rotameters, main air switch and heater plate 
7) Unload and weigh the 2 ml vial after heater block is cooled down 
8) Collect both the blank and sample vials for analysis 
9) Dispose and decontaminate all samples with hypochlorite solution 
 
Fluorescence Measurements  
1) Scan blank/sample after exposure with air/HSM vapor 
2) Scan blank/sample after exposure with air/HSM vapor + GO 
3) Scan blank/sample after exposure with air/HSM vapor + GO + ssDNAc 
* Note that same amount of GO and ssDNAc are added as per in Procedure B 
and C 
 
3.2.5 Reference Method 
 
Gel electrophoresis was carried out to provide qualitatively analysis of the 
reaction between HSM and Cy5-ssDNA. Cy5-ssDNA and the reaction 
product of Cy5-ssDNA with HSM were hybridized with ssDNAc 
respectively, which were then loaded onto loading buffer containing 10 
mM Tris-HCl (pH 7.6), 0.03% bromophenol blue, 0.03% xylene cyanol FF, 
60% glycerol and 60 mM EDTA. The samples were then put on a 5% 
agarose gel in a 1×TAE buffer (40 mM Tris acetate, 2 mM EDTA, pH 8.5) 
followed by electrophoresis for 1 h at 80 V. After GelRed staining, the gel 
was imaged using Gene Genius Bio Imaging System (Syngene, UK). 
 
3.3 Results & Discussion 
 
In this section, the evaluation results on both detection performance of the 
assay towards HSM in liquid and vapor phase will be presented and discussed. 
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Mainly, the discussion will focus on liquid phase detection, where the 
detection sensitivity and selectivity of the assay are determined. The feasibility 
of detecting HSM in vapor phase is also assessed so as to understand the 
potential of this assay for future deployment purposes. 
 











Figure 3.3: (A) The Fluorescence (FL) Spectra of Cy5-ssDNA at pH 5.0, 
15 mM Tris HCl buffer in the Absence and Presence of 0.21 mg/ml GO; 
Inset: FL Spectra of Cy5-ssDNA upon Addition of GO with Concentrations 
0-0.21 mg/ml;  
(B) FL Recovery by Consecutively Adding ssDNAc for HSM with Series of 
Concentrations Ranging from 1.7 × 10-7 M to 1.7 × 10-3 M (curves 1 to 5) 
and in the Absence of HSM (curve 6). [GO] = 0.21 mg/ml, [Cy5-ssDNA] = 
0.1 µM, [ssDNAc] = 0.6 µM, λex= 580 nm. 
 
In Figure 3.3A, Cy5-ssDNA revealed an intense fluorescence at 670 nm, 
which was quenched up to 97% upon addition of 0.21 mg/ml GO into the 
solution. After further addition of ssDNAc, the fluorescence of Cy5-ssDNA 
was recovered up to 38% of the original (Figure 3.3B curve 6), due to the 
formation of Cy5-ssDNA/ssDNAc duplex structure. These findings are 
supported in literature review, stating that 1) Cy5-labeled ssDNA can be 
quenched by GO through Förster resonance energy transfer (FRET) when 
they are brought into contact and 2) the fluorescence recovery indicates the 
release of duplex from the GO surface due to conformational change of DNA 
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and reduced hydrophobic interaction [Lu et al., 2009]. AFM analysis was also 
performed to obtain the topographical profile of GO and Cy5-ssDNA-GO 
complex. The measured thickness of a single-layer GO sheet is about 1.0 nm 
(Figure 3.4A), which is consistent with the previous reports [Lu et al., 2009]. 
The Cy5-ssDNA-GO complex shows a thickness more than 1.0 nm (Figure 
3.4B), which indicates the successful adsorption of ssDNA onto GO surface 
via π-π stacking. 
 
 
Figure 3.4: AFM Height Images of GO (A) and Cy5-ssDNA-GO Complex 
(B) Deposited on Mica Substrate. 
 
With the confidence of efficient fluorescence quenching and re-
establishment of fluorescence, further tests in evaluating the detection 
capability of the assay against HSM were performed. Figure 3.3B shows 
the solution fluorescence recovery when Cy5-ssDNA was treated with 
different concentrations of HSM, followed by the addition of ssDNAc. For 
HSM with series of concentration ranging from 1.7 × 10-3 to 1.7 × 10-6 M, 
the solution fluorescence recovered from 5% to 30% (curves 1 to 4) 
respectively. In addition, at very low concentration of 1.7 × 10-7 M HSM 
(curve 5), the solution fluorescence recovered to the same level as that in 
the absence of HSM (curve 6). These fluorescence responses are expected 
as previously reported, guanine in ssDNA reacts with HSM to yield N7-
guanine-HSM adduct [Rao et al., 2002]. Consequently, Cy5-ssDNA 
changes its conformation and hardly hybridizes with ssDNAc. This 
explanation was further justified through gel electrophoresis of Cy5-
ssDNA and the reaction product of Cy5-ssDNA with HSM after respective 
hybridzation process. 











Figure 3.5: Gel Electrophoresis Images of DNA. Lane 1: Cy5-ssDNA 
Mixed with ssDNAc; Lane 2: Cy5-ssDNA Reacted with HSM, followed by 
Incubation with ssDNAc; Lane 3: DNA Ladder. [Cy5-ssDNA] = 0.1 µM, 
[ssDNAc] = 0.6 µM, [HSM] = 1.7 mM. 
 
As shown in Figure 3.5, before reaction with HSM, Cy5-ssDNA could 
hybridize with ssDNAc to form duplex (lane 1) with a clear stain band. 
However, no band (lane 2) is observed for HSM treated Cy5-ssDNA upon 
hybridization with ssDNAc, indicating that HSM had disrupted the chemical 
structure of Cy5-ssDNA. In other words, the structural change of DNA caused 
by HSM was the attribution factor for its detection as shown in the prevailing 
experiments. It was also noted that fluorescence of Cy5-ssDNA itself was 
unaffected by the addition of HSM in the same concentration range and hence 
the changes in fluorescence intensity shown in Figure 3.3B could be used for 
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Figure 3.6: FL Spectra of Cy5-ssDNA Reacted with 1.7 mM CEP (curve 1), 
1.7 mM Bromoethane (curve 7) and 1.7 mM HSM (curve 4), then 
Consistently Adding GO (curve 2, 5 and 8, respectively) and finally 
Consecutively Adding ssDNAc (curve 3, 6 and 9, respectively) at pH 5.0, 
15 mM Tris HCl buffer. [GO] = 0.21 mg/ml, [Cy5-ssDNA] = 0.1 µM, 
[ssDNAc] = 0.6 µM, λex= 580 nm.  
 
Two interferents namely, 1-(2-chloroethylsulfonyl) propane (CEP) and 
bromoethane were also tested to evaluate the selectivity of HSM detection. 
Figure 3.6 presents the fluorescence responses of the two interferents and 
HSM of similar concentrations. Similarly, it was observed that initial 
presence of 1.7 mM CEP (curve 1), 1.7 mM bromoethane (curve 7) or 1.7 
mM HSM (curve 4) did not had any influence on the fluorescence of Cy5-
ssDNA (0.1 µM) and efficient quenching of the dye fluorescence took 
place upon addition of 0.21 mg/ml GO (curves 2, 5 and 8). Further addition 
of 0.6 µM ssDNAc to each solution showed that the fluorescence of Cy5-
ssDNA treated with CEP and bromoethane had regained appreciably 
(curves 3 and 9), while the fluorescence of Cy5-ssDNA treated with HSM 
is unique, still remained quenched (curve 6). 
 
3.3.2 Gas Phase Detection 
 
Using the vapor generation line that was set up in DSO National Laboratories, 
the detection capability of this assay against HSM gas was evaluated. 
Essentially, Cy5-ssDNA was treated with HSM via the exposure of HSM gas 
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under well-regulated flows for a period of 5 to 30 minutes. The concentration 
of HSM gas being challenged in each test was calculated roughly based on net 
weight lost of HSM over total airflow over time with the basis as described 
below:  
 
Calculation Basis of HSM Gas Challenged Concentration 
Assumption: Consistent vapor generation (well controlled heating) 
A) Amount of HSM vaporized =  
Weight of source before experiment – Weight of source after experiment 
B) Total flow passing through the generator = 
Flowrate of the test x Entire duration (time taken for the all the tests) 
C) Concentration of compound for presented test case =  
Amount of vapor generated (A)/Total experimental flow (B) = 
0.0016 mg/ml ≈ 300 ppm (ideal gas law) 
D) [HSM] = 6.5 x 10-4 M, for 5 minutes exposure at test flow rate of 10 
ml/min, assuming 100% HSM is dissolved in 1 ml of test solution 
 
The fluorescence restoration curves of various test solutions after HSM vapor 
exposures of 0, 5, 10 and 30 minutes were collected and presented in Figure 
3.7. The recovery rates upon the addition of ssDNAc were lowered for the 
assays that were exposed to HSM gas as compared to the blank/control that 
was exposed to solely air. The fluorescence recovery trend was consistent with 
earlier tests with HSM in liquid phase, indicating the avenue of detecting 
HSM gas based on the proposed fluorescence quenching mechanism with the 
most fluorescence restoration observed for the assay after HSM exposures of 5 
minutes and the least fluorescence restoration observed for the assay after 
HSM exposures of 30 minutes.  
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Figure 3.7: FL Spectra of Cy5-ssDNA at pH 5.0, 15 mM Tris HCl buffer after 
Exposure with 300 ppm of HSM gas for 5 minutes (curve 3), 10 minutes 
(curve 2), 30 minutes (curve 1) and Exposure with Air for 30 minutes, in the 
Absence of HSM (curve 4). [GO] = 0.15 mg/ml, [Cy5-ssDNA] = 0.1 µM, 




In conclusion, we have developed a simple method to detect HSM, taking 
advantage of its reaction with DNA and the absence of fluorescence with 
GO as the “efficient quencher”. To the best of our knowledge, this is the 
first time that a fluorescence based assay has been developed for HSM 
sensing using biomolecules as the host. The assay has shown high 
selectivity to HSM with a detection limit of 1.7 × 10-6 M. The present 
method is applicable to gas detection and is also easy to operate under 
normal local environmental conditions. Lastly, due to the structural 
similarity between HD and HSM, the protocol developed in this work can 
also be applied to monitor HD. 	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4. DESIGN OF CONJUGATED POLYELECTROLYTES BASED 
PLATFORM FOR HALF SULFUR MUSTARD/SULFUR MUSTARD 
DETECTION 
 
There is a constant search for an “ideal” CWA detector that is both highly 
sensitive and selective as its impact on operational decisions in a chemical 
attack are many and obvious. Today, optical based sensors are heavily 
exploited due to their potential as ideal candidates for fast, simple and specific 
analyte detection [Achyuthan et al., 2005; Wosnick et al., 2005].  
 
Conjugated polyelectrolytes (CPEs) have emerged as an important class of 
sensory materials for chemical and biochemical targets [McQuaede et al., 
2000; Huang et al., 2004] employed in optical sensors. They are water-soluble 
π-conjugated polymers with charged side chain functionalities [Pinto and 
Schanze, 2002; Liu and Bazan, 2004]. Their electron delocalized backbone 
structure allows effective electronic coupling and lead to fast intra- and 
interchain energy transfer [Thomas et al., 2007]. In general, CPE based 
platforms have superior quenching sensitivity but unfortunately, selectivity is 
inferior as investigations show that non-specific interactions exist between the 
CPEs and analyte, giving rise to signal that interferes with the desired optical 
signatures [Dwight et al., 2004; Wang et al., 2002] In this aspect, it is 
desirable to move away from intensity-based methods, e.g. by means of 
fluorescence resonance energy transfer (FRET), usually accompanied by big 
shift in emission profile for enhanced detection reliability and even for use in 
ratiometric fluorescence measurements. 
 
Herein, we designed a FRET based fluorometric method for fast, instrumental 
free detection of half sulfur mustard (HSM) and sulfur mustard (HD), utilizing 












4.1 Probe Design & Composition 
 
In this section, the design of fluorometric detection for HSM and HD based on 
electrostatic interactions mechanism resulting in clear dual colors distinction 
will be described. The materials and instrumental equipment used in this work 
will also be elaborated in the subsequent subsections. 
 
4.1.1 Detection Mechanisms 
 
 










Figure 4.1: (A) Chemical Stuctures of PFP and F1; (B) Schematic Illustration 
of HSM Detection and their Interactions in Solution 
 
The chemical structures of PFP, F1 and the schematic illustration of detection 
interactions are shown in Figure 4.1. In solution, the cationic PFP interacts 
with anionic F1 through electrostatic interactions, whereby FRET occurs 
between donor PFP and acceptor F1. With the addition of HSM, the condition 
of solution changes, HSM undergoes intermolecular cyclization to form a 
cyclic sulfonium ion and hydrolysis quickly to form a proton. The formed 
proton will subsequently ionize and neutralize F1. As a result, F1 fluorescence 
will be quenched and there will be no electrostatic interaction or FRET 
between PFP and neutralized F1, conclusively revealing clear fluorescence 
distinction in the presence of HSM. 
  
No	  FRET	  FRET	  
i. In polar media, without 
the addition of HSM 
ii. In the same solution, 
after the addition of HSM  
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4.1.2 Materials 
 
All chemicals were purchased from Sigma-Aldrich unless otherwise noted. 
Poly[(9,9-bis(6’-N,N,N-trimethylammonium)-hexyl)fluorene-co-phenylene 
dibromide] (PFP) was synthesized according to a previously reported work by 
Liu et al. [2006]. Stock solutions of fluorescein methyl ester (F1, 10 mM) in 
DMSO was prepared and stored at 20 °C. A stock solution of PFP (10 mM) in 
methanol was prepared based on the repeat unit (RU) and was stored at 4 °C. 
Milli-Q water (18.2 MΩ at 25 °C) was used for all experiments. 
 
4.1.3 Synthesis of Fluorescein Methyl Ester 
 
F1 was prepared by revising the method described by Adamczyk et al. [1999]. 
Briefly, concentrated sulfuric acid (0.325 mL) was added drop wise to a 
suspension of fluorescein (500 mg) in methanol (1.5 mL) in a reaction tube. 
The resulting suspension was refluxed under argon for 14 h at 64 °C. The 
mixture was then cooled in ice-water bath, and ice (0.5 g) was added, followed 
by sodium bicarbonate (1.5 g). The suspension was filtered and washed with 
water. The resulting red solid was suspended in 2% aqueous sodium 
bicarbonate (10 mL), filtered, and washed with water. The washing process 
was repeated three times. In the last step, the suspension was washed several 





Fluorescence emission spectra were recorded on a Perkin-Elmer LS-55 
equipped with a xenon lamp excitation source and a Hamamatsu (Japan) 928 
photomultiplier (PMT), using 90° angle detection for the solution samples. 
The excitation energy at different wavelength was automatically adjusted to 
the same level by an excitation correction file. The instrument was controlled 
and operated using FL WinLab Software.   
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4.2 Test Methodology 
  
In this section, the experimental methods and test setup in evaluating the 
detection performance of the designed platform against HSM in liquid and 
vapor phase will be discussed. The evaluation criteria form the basis of the 
work where the detection capabilities such as sensitivity and selectivity will be 
examined. Furthermore, investigation of the ability in liquid HD detection will 
also be included. 
  
4.2.1 Evaluation Criteria 
 
The experiments are divided into two portions, namely to determine the 
detection performance of the designed platform against HSM in 1) liquid and 
2) vapor phase. First, the feasibility of detecting HSM in liquid and gas phase 
was established. In the process, detection sensitivity of the platform was also 
assessed. The selectivity of the platform is also challenged where fluorescence 
responses of two other test compounds are examined and compared against the 
results of the targeted compound, HSM. 
 
With positive outcomes from the detection of HSM in both the liquid and gas 
phase, we proceeded to demonstrate its performance against liquid HD. The 
evaluation methodology for this platform allowed the safe demonstration of its 
performance with HD. 
  
4.2.2 Experimental Test Matrix 
 
PFP, structure shown in Figure 4.1A with absorption and emission peaks at 
420 nm and 490 nm respectively, was chosen as the cationic light harvesting 
CPE for this study. There is a good spectral overlap between the emission of 
PFP and absorption of Fl, which favor energy transfers between the two. 
Hence in this experiment, FRET was allowed to occur prior to the addition of 
HSM, forming the reference blank. PFP was added dropwise to the solution 
containing 1.0 µM F1, which overtime led to an increase in the F1 emission. 
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The final amount of PFP added was then noted by observing saturation in the 
emission intensity. 
 
Table 4.1A and 4.1B list the details of the blank’s content and test compounds 
that were included for the comprehensive evaluation of the assay. Two 
structural analogs of HSM/HD were used as interferent compounds in the 
selectivity study. 
 
Table 4.1A: Elements of Experimental Test Matrix for Liquid Phase Detection 	   	  
Detection of HSM in 
Liquid Phase 
Test Compound Details 
Blank/Control - Test solution: 
F1 and PFP-NMe3 in 
isopropanol 
[F1] = 1.0 µM  
[PFP] = 6.0 µM 
Targeted Compound 1 2-chloroethyl ethyl sulfide 
(Half sulfur mustard, 
HSM) 
HSM in DMSO 
5.1 × 10-5 to 6.1 × 10-4 M 
Targeted Compound 2 Bis(2-chloroethyl) sulfide 
(Sulfur mustard, HD) 
HD in DMSO 
4.0 × 10-6 to 8.0 × 10-5 M 
Interferent 1 1-(2-chloroethylsulfonyl) 
propane (CEP) 
CEP in ethanol 
6.1 × 10-4 M 
Interferent 2 Bromoethane Bromoethane in ethanol 
6.1 × 10-4 M 
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Detection of HSM in 
Gas Phase 
Test Compound Details 
Blank/Control Lab environment air 25 oC 
10-15% RH 
Targeted Compound 2-chloroethyl ethyl sulfide 
(Half sulfur mustard, 
HSM) 
HSM in air 
Source: 20 mL neat HSM 
Heater temp: 40 oC 
Flow rate: 10 ml/min 
Exposure time: 
1) 20 mins  
2) 10 mins  
3) 5 mins 
Table 4.1B: Elements of Experimental Test Matrix for Vapor Phase Detection 
 
4.2.3 Test Setup For Vapor Exposure Study 
 
A gas diffusion cell consisting of 5 insertions and well insulated heating 
elements is used for the generation of HSM gas vapor required for the 
evaluation of test solution containing DNA/GO. The experimental set-up as 
shown in Figure 4.2 is fabricated using Teflon tubing and Swagelok parts as 
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10-20 µl of neat HSM is placed in a 2 ml vial and loaded into the gas diffusion 
cell for test. The cell can then be heated up (40 to 50 + 1 oC depending on 
vapor pressure of compound) via manipulation of its temperature parameters 
at the heat controller box. HSM vapor gas is thus generated and diluted with 
passing air flowing (flow rate set at 10-100 ml/min) above the vial’s 
headspace to the test solution. Note and ensure that 1) air is only turn on after 
the loading of vial(s) containing HSM and 2) test solutions are properly 
connected to sparger 1 and 2. 
 
The following steps below are the approaches taken to generate desired HSM 
vapor of different increasing concentrations for the study (note that reducing 
dilution flow rate has negligible effect in the case of single airflow system): 
 
1) Increase the interaction time, varying from 5 to 60 minutes 
2) Increase the temperature of diffusion cell heater, varying from 40 to 80 oC 
3) Increase the number of vials in the diffusion cell, varying from 1 to 5 vials 
 
4.2.4 Experimental Procedures 
 
Freshly made stock solutions are set-aside in their respective media for tests 
each day. Following that, reference blank containing the test solution of F1 
and PFP is prepared and the steps are as detailed below: 
 
Preparation of Reference Blank 
1) Prepare 1 µM of F1 stock solution in DMSO 
2) Prepare 1 µM of PFP-NMe3+ stock solution in methanol (polymer 
concentration is calculated according to the repeating unit, RU) 
3) Add 1 ml of isopropanol into a 1.5 ml cuvette 
4) Add 1 µl of F1 stock solution into 1 ml isopropanol 
5) Analysis the solution with a luminescence spectrometer at an excitation 
wavelength of 490 nm 
6) Add known amount of PFP-NMe3+ stock solution (1 µl each time is a good 
guide) into the same cuvette and mix well 
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7) Analyze the resultant solution with the luminescence spectrometer at a 
different excitation wavelength of 380 nm 
8) Repeat step 6 and 7 until FRET has fully taken place as indicated by 
strong saturated emission peak at 530 nm 
9) Note down the total amount/concentration of PFP-NMe3+ used and 
observe the color change under an UV lamp 
 
The detection capability and detection sensitivity of the platform against HSM 
in liquid phase is then tested accordingly to the steps listed in Procedure A. 
 
Procedure A 
1) Prepare HSM stock solution by adding 1 µl neat HSM into 1 ml DMSO 
2) Add known amount of HSM stock solution (6 µl each time is a good 
guide) into the reference blank solution and mix well 
3) Analyze the resultant solution with a luminescence spectrometer at an 
excitation wavelength of 380 nm 
4) Repeat step 2 and 3 until the emission spectrum reveals little or negligible 
green fluorescent at 530 nm and a strong blue fluorescent at 420 nm 
persistently 
5) Note down the total amount/concentration of HSM used and observe the 
color change under an UV lamp 
 
As for the selectivity study, the fluorescence response towards 1-(2-
chloroethylsulfonyl) propane (CEP) and bromoethane are examined using 
similar concentrations and steps mentioned in Procedure A (step 1 to 5), in 
replacing HSM with the compound of interest. 
 
In addition, risk assessments of these experiments were performed and with 
the kind assistance of DSO National Laboratories, further evaluation tests on 
liquid HD were performed in their laboratory carefully. The experimental 
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Procedure B 
1) Prepare HD stock solution by adding 1 µl neat HD into 1 ml DMSO 
2) Add known amount of HD stock solution (1µl each time is a good guide) 
into the reference blank solution and mix well 
3) Analyze simply by observing the color of the resultant solution under an 
UV lamp 
4) Repeat step 2 and 3 until color of the solution reveals strong blue 
fluorescent  
5) Note down the total amount/concentration of HD used 
 
Lastly, after verifying the detection performance of the platform against HSM 
and HD in liquid phase, vapor exposure test with HSM will be performed to 
finalize the platform’s detection capability and application. Detailed steps in 
HSM vapor generation and analyses are as described below: 
 
Equilibration 
1) Weigh and load one 2 ml vial containing 20 µl of neat HSM into the 
diffusion cell 
2) Set heater plate temperature to 40 oC 
3) Turn on diffusion cell’s valve 
4) Turn on and set the flowrate of rotameter 2 and 3 (two ways valve directed 
to outlet 3) to 10 ml/min 
5) Allow the test conditions to equilibrate for 1 hour 
 
HSM Vapor Exposure 
1) Place two 2 ml vials, each containing reference blank solution at sparger 1 
and 2 (volume of test solution = 1 ml) 
2) Turn on and set the flowrate of rotameter 1 to 10 ml/min 
3) Switch two ways valve, directing its flow to sparger 2 (increase air flow 
slightly if necessary to ensure that rotameter 2 and 3 is at 10 ml/min) 
4) Time the duration of exposure and re-direct the flow of two ways valve to 
outlet 3 when exposure time is up 
5) Repeat step 1 to 4 for different exposure time 
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6) Turn off all rotameters, main air switch and heater plate 
7) Unload and weigh the 2 ml vial after heater block is cooled down 
8) Collect both the blank and sample vials for analysis 
9) Observe the color of the solutions under an UV lamp 
10) Dispose and decontaminate all samples with hypochlorite solution at the 
end of the day 
 
4.3 Results & Discussion 
 
In this section, the evaluation results on both detection performance of the 
assay towards HSM in liquid and vapor phase will be presented and discussed. 
Mainly, the discussion will focus on liquid phase detection, where the 
detection sensitivity and selectivity of the assay are determined. The feasibility 
of detecting HSM in vapor phase is also assessed so as to understand the 
potential of this assay for future deployment purposes. Lastly, the section is 
concluded by assessing the detection of liquid HD as a demonstration of the 
true feasibility of this platform. 
 
4.3.1 Half Sulfur Mustard Liquid Phase Detection 
 
Figure 4.3 shows the energy transfer between PFP and F1, whereby the 
addition of PFP led to an increase in F1 emission with saturation occurring at 
PFP repeat unit [RU] = 6 µM. The solution emitted green fluorescence under 
an UV lamp upon excitation at 365 nm. 
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Figure 4.3: Fluorescence Emission Spectra of Solution Containing [F1] = 1 
µM, followed by Subsequent PFP Addition at an interval of 1 µM, λex = 380 
nm. Direct Excitation of F1 at 490 nm is also shown in the plot.  
 
 
Figure 4.4: Fluorescence Emission Spectra of Test Solution upon HSM 
Addition. Photos of 1 to 5 correspond to test solution treated with 6, 24, 42, 60 
and 72 ppm of HSM respectively. [PFP] = 6 µM, [F1] = 1 µM, λex = 380 nm. 
 
In Figure 4.4, it shows the fluorescence spectra change of a solution 
containing 1 µM FI and 6 µM PFP against increasing concentrations of HSM 
ranging from 5.1 x 10-5 to 6.1 x 10-4 M. The initial solution containing only 
PFP and F1 revealed green fluorescence with higher emission intensity from 
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F1 at 530 nm. With the additions of HSM, two observations were seen as 
follow: 
 1) Diminishing of green emission peak belonging to F1 at 530 nm 2) Enhancement of blue emission peak belonging to PFP at 420 nm 
 
As postulated earlier, the fluorescence change was attributed by the hydrolysis 
of HSM that might have taken place in successively ionizing and neutralizing 
F1, thereby eliminating the FRET interaction between PFP and F1. The 
increasing concentration of HSM in the test solution changes color from green 
to greenish blue and then finally to blue. This distinct color change indicates 
that the platform provides a mean towards direct visual detection of HSM.  
 
Two interferents namely, bromoethane and 1-(2-chloroethylsulfonyl) propane 
(CEP) were also tested to evaluate the selectivity of the platform. Figure 4.5 
presents the fluorescence responses of the two interferents and HSM at similar 
concentrations. It was observed that the addition of bromoethane and CEP did 
not induce much spectra change, with both of the test solutions displaying 
green fluorescence that can be clearly distinguished from the blue 
fluorescence given off in the presence of HSM. 
 
 
Figure 4.5: Emission Spectra of Test Solution with the Addition of CEP, 
Bromoethane and HSM. Photos of 1 to 3 correspond to test solution treated 
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with 0.61 mM bromoethane, 0.61 mM CEP and 0.61 mM HSM respectively. 
[PFP] = 6 µm, [dye] = 1 µM, λex = 380nm. 
  
4.3.2 Half Sulfur Mustard Gas Phase Detection 
  
Using the vapor generation line that was set up in DSO National Laboratories, 
the detection capability of this platform against HSM gas was evaluated. 
Essentially, the PFP/F1 platform was exposed to HSM vapor under well-
regulated flows for a period of 5 to 20 minutes. The concentration of HSM gas 
being challenged in each test was estimated from experimental conditions and 
the net weight lost of HSM over total airflow over time as the bases. 
 
Calculation Basis of HSM Gas Challenged Concentration 
Assumption: Consistent vapor generation (well controlled heating) 
A) Amount of HSM vaporized = 2.89 mg, 
Weight of source before experiment – Weight of source after experiment 
B) Total flow passing through the generator = 1800 ml, 
Flowrate of the test x Entire duration (time taken for the all the tests) 
C) Concentration of compound for presented test case =  
Amount of vapor generated (A)/Total experimental flow (B) = 
0.0016 mg/ml ≈ 300 ppm (ideal gas law) 
D) [HSM] = 6.5 x 10-4 M, for 5 minutes exposure at test flow rate of 10 
ml/min, assuming 100% HSM is dissolved in 1ml of test solution 
 
Figure 4.6 below shows the photos of PFP/F1 solutions after HSM vapor 
exposures of 0, 5, 10 and 20 under an UV lamp at excitation wavelength of 
365nm.  It can be seen that with increasing exposures of HSM, the solution 
color changes from greenish blue to blue, showing positive detection of HSM 
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Figure 4.6: Photo showing PFP/F1 Solution after the HSM Vapor Exposures. 
HSM vapor exposure from left to right is as follows: 
 
1) 0 ppm exposure (Air at 10-15%RH only, for 20 mins) 
2) 300 ppm exposure for 5 mins 
3) 300 ppm exposure for 10 mins 
4) 300 ppm exposure for 20 mins 
 
It is important to note that the equilibrium point of the PFP/F1 platform was 
shifted in the presence of humidity. This explains the greenish blue tint in the 
starting point of the vapor challenge test versus green in the liquid challenge 
test. 
 
4.3.3 Sulfur Mustard Liquid Phase Detection 
 
 
Figure 4.7: Photo showing PFP/F1 Solution Treated with Different 
Concentrations of HD. From left to right, the concentration of HD is 0, 0.5, 1, 
1.5, 2.0 and 2.5 ppm. 
 
In this test, HD ranging from 4.0 × 10-6 to 8.0 × 10-5 M was added into PFP/Fl 
solution prior to UV lamp exposure at the excitation wavelength of 365nm. 
The resulting images were captured and shown in Figure 4.7. It can be seen 
that with increasing concentration of HD, the solution color changes from 
green to greenish blue and then finally to blue. This distinct color change 
indicates that this platform is capable of detection of HD with a potential for 
qualitative assessment of the threat level detected. 
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4.4 Conclusion 
 
This study demostrated the potential of a PFP/F1 platform that exploits both 
FRET and the chemical interactions of HSM and HD for the purpose of 
detection. The advantage of this technique is that it allows a direct visual 
detection of CWAs at trace levels with a potential to qualitatively indicate 
their threat levels.  
 
However, more research is needed to establish the detection reliability of the 
proposed platform under field conditions where interferents and non-optimal 
temperature and humidity conditions exist. It will also be useful to determine 
the dynamic range of the system such as the minimum detection limit and 
saturation point of the system against HD. 
 
The results of this study confirm the potential sensitivity and versatility of 
fluorescence detection techniques, making it a promising technology for the 
development low cost, lightweight miniaturized sensors that are severely 
lacking today. 
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5. OVERVIEW, CONCLUSION AND RECOMENDATION 
 
In this chapter, we conclude the main findings of the previous 4 chapters and 
also provide several insights to the detection of CWAs using fluorescence 
based techniques. Recommendations for improvement and future research 
efforts will also be suggested and discussed respectively. 
 
5.1 Conclusions and Recommendations 
 
A review of point detection technologies used in CWAs sensing today 
revealed the need for low cost, lightweight miniaturized sensors and 
fluorescence detection methods have shown to offer good potential. 
 
In this thesis, two different fluorescence detection platforms namely, (i) 
DNA/GO nanocomposites based and (ii) conjugated polyelectrolytes based 
were investigated and demonstrated against HSM in both the liquid and 
gaseous phase. Table 5.1 summarizes the detection capability of the two 
platforms in terms of several key performance indicators such as sensitivity, 
selectivity and others. Vapor challenged test was essential to show the 
application of these assays in gas detection as chemical agent threats are often 
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Table 5.1: Detection Capability of (i) DNA/GO Nanocomposites based and 
(ii) Conjugated Polyelectrolytes based Platforms against HSM. 
 
DNA/GO Nanocomposites based Detection Platform 
This platform was designed for the detection of HSM based on its reaction 
with DNA and the absence of fluorescence with GO as the “efficient 
quencher”. In solution, it had shown high selectivity to HSM with a detection 
limit of 1.7 × 10-6 M, indicated by a significant drop in its fluorescence 
recovery. The present method also showed the ability to detect HSM gas under 
normal local air-conditioned environment. Lastly, due to the structural 
similarity between HD and HSM, the protocol developed in this work can be 
used to detect HD. 
 
However, the limitations of this technique include (a) the need for a 
fluorescence  baseline to indicate a significant signal drop and thus 
detection and (b) the inability to provide quantitative threat assessment in 
the event of saturation indicated by total quenching. 
 
From an enginnering perspective, the two steps detection mechanism 
whereby the addition of a complementary DNA strand after CWA exposure 
might increase the cost and complexity of the eventual sensor platform. 
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Conjugated Polyelectrolytes based Detection Platform 
A FRET based fluorometric method for fast, instrumental free detection of 
HSM and HD, utilizing a cationic conjugated polymer, PFP and fluorescein 
methyl ester, F1 was explored. 
 
This study demostrated the potential of a PFP/F1 platform that exploits both 
FRET and the chemical interactions of HSM and HD for the purpose of 
detection. The hypothesis is that HSM/HD being  a strong alkylating agent 
will react with nucleophilic species (HO) attached to flourscein (dye) and as a 
consequence decreases the amount of negatively charged flourscein dye in the 
solution. This also leads to reduced electrostatic interactions between the dye 
and the polymer, hence separating the polymer and dye resulting in gradual 
decrease in energy transfer which causes the solution color to change from 
green to blue.  
 
The designed platform showed good color distinction towards HSM/HD in 
their liquid phase and also the ability to detect HSM in its vapor phase. The 
advantage of this technique is that it allows a direct visual detection of 
HSM/HD at trace levels with a potential to qualitatively indicate their threat 
levels.  
 
Athough the results support the detection hypothesis, the reaction mechanism 
was not validated in the study. NMR could be used to monitor the reaction 
between the designed flourscein derivative and HSM/HD in order to 
understand the detailed reaction mechanism.  
 
In addition, more research is needed to establish the detection reliability of the 
proposed platform under field conditions where non-optimal temperature and 
humidity conditions exist. It will also be useful to determine the dynamic 
range of the system such as the minimum detection limit and saturation point 
of the system against HSM and HD. 
 
It is also important to note that in both platforms, alkylating agent encountered 
in the operational enviroment could cause a similar response. Hence intensive 
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field interferent studies are recommended to further evaluate the selectivity of 
the platforms. 
 
5.2 Future Work 
 
Our research in both the fluorescence quenching and FRET detection 
techniques demonstrated the feasibility of fluorometric detection of CWAs, in 
particularly the blisters. The generic detection mechanism used in both 
techniques allows the detection of nitrogen mustards (HNs) as well but may 
suffer from poor selectivity due to the presence of potential alkylating agents 
in the operational environment.  
 
In this regard, an alternating strategy that can potentially differentiate HD and 
HNs and with improved selectivity is proposed. Photoinduced electron 
transfer (PET) signaling of a recognition process is a very elegant method that 
was developed for reporting the presence of metal cations and protons. This 
approach was first proposed by Weller [1968] and later perfected by de Silva 
et al. [1997] and other groups [Tal et al., 2006]. 
 
Figure 5.1 shows the mustard detection scheme where detection mechanism 
relies on photoinduced electron transfer (PET) resulting in “switching-on” of 
fluorescence upon the reaction with sulfur mustards. This technique allows 
clear-cut detection as well as the ability to perform threat quantification. 
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Figure 5.1: Mustard Sensing Scheme based on PET 
 
Compound 1 in Figure 5.1 is specially designed and synthesized so that the 
HOMO energy level of the lone pair electrons on terminal nitrogen is located 
in between the HOMO and LUMO energy levels of the fluorophore. In the 
absence of any target, the lone pair electrons serve as efficient quenchers to 
quench the excited state of fluorophore and yield no fluorescence emission. 
Upon binding of lone pair electrons with an electrophile, the bond formation 
will stabilize the lone pair electrons and the fluorophore fluorescence will 
significantly increase if no more lone pair electrons with HOMO energy level 
higher than that of the dye is introduced. 
 
Detailed theoretical modeling results [Tal et al., 2006] revealed that the 
HOMO energy levels of the lone pair electrons for Cl and S are lower than 
that of the fluorophore, which cannot quench the dye fluorescence (Figure 5.2, 
compound 3 is fluorescent). On the other hand, the energy level of the 
nitrogen lone pair electrons is much higher than the fluorophore and this 
compound 2 (in Figure 5.2) will be dark. The R group attached to the 
fluorophore will be adjusted to fine tune the energy level alignment between 
different fluorophores and target molecules.  
	   58	  
	  
For a start, experiments were performed briefly to prove the concept 
mentioned, to observe for “switching on” upon the reaction with HSM - 
compound 1 with R = H was synthesized and tested with HSM in liquid phase. 














Figure 5.2: Fluorescence Emission Spectra of 1 (R = H) in Ethanol in the 
Presence of HSM. [1] = 2.9 x 10-5 M, [HSM] = a) 0 M; b) 1.7 x 10-4 M; c) 4.3 
x 10-4 M; d) 8.5 x 10-4 M; e) 1.1 x 10-3 M. λex = 320 nm. 
 
From Figure 5.2, the following points were observed: 
 
1) Fluorescence turn on with the addition of HSM 
2) Saturation occurs at [HSM] = 8.5 x 10-4 M 
3) Maximum intensity is low with a.u .= 85 
 
As the maximum intensity of the solution is too low, fluorescence “switching 
on” was not witnessed under an UV lamp exposure. Nevertheless, these results 
gave us the confidence to move one step forward to perform similar test with 
HD and nitrogen mustard (HN) in liquid phase at DSO National Laboratories. 
This time round, the concentration of test solution was intentionally increased 
by using a much smaller volume of solute for test to observe for color changes 
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Figure 5.3: Photo showing Compound 1 (R = H) in Ethanol in the following 
constitutions from left to right: 
 
a) [1] = 9.7 x 10-4 M, [HD] = 0 M, [HN] = 0 M 
b) [1] = 9.7 x 10-4 M, [HD] = 4.2 x 10-4 M, [HN] = 0 M 
c) [1] = 9.7 x 10-4 M, [HD] = 0 M, [HN] = 4.9 x 10-4 M 
 
The outcomes of this test were not promising because as seen in Figure 5.3, 
instead of fluorescence “swtiching on” observed with HD and no fluorescence 
observed with HN, the test solution was unable to differentiate HD and HN 
apart visually – both showed fluorescence “switching on” upon the addition of 
analytes. The next phase will require the modification of compound 1, where 
the R group attached to the fluorophore will be amended (1a, no longer H) to 
further fine tune the energy level in aligning the new fluorophore, 1a with HD 
and HN. 
 
In general, since fluorescence detection mechanism may differ from one CWA 
to another, an array of fluorescence platforms will be needed to address 
today’s CWA threats. For example, the detection mechanism of nerve agents 
can be modeled after the inhibition of acetylcholinesterae enzyme activity, 
utilizing a specific irreversible reaction between phosphonyl halides and a 
fluorescence indicator. This work with nerve agents has been demonstrated 
with Sarin and Soman through detection of changes in fluorescing properties 
of the inventive mircobeads [Bencic-Nagale et al., 2005]. 
 
Transition Efforts 
In order for the designed platforms to work in the field, it needs to be 
incorporated onto a field deployment system such as a lab-on-a-device with 
amplification if required, or manufacturing the probes into filmstrips that can 
be used simply like the detection paper used today. 
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To enable gas detection for solution based fluorescence probes, one possible 
way is to use an air sampler to concentrate the threat prior to further analysis 
such as in the laboratory setting on a field deployable system. Figure 5.4 
below shows an existing air sampler that is currently used to monitor airborne 












Figure 5.4: Handheld Air Sampler [From: Cherwell Laboratories] 
 
5.3 More Potential Applications 
 
The evaluation of fluorescence methods studied included the performance of 
the platforms against both liquid and gaseous HSM as opposed to just the 
liquid in previous studies. This is important, as the CWAs are volatile in 
nature and often disseminated in the gaseous phase.  
 
It is envisaged that fluorescence based techniques will be the solution to low 
cost, lightweight miniaturized sensors that are severely lacking today. 
Potential areas of application include (a) the traditional role of gas and liquid 
detection and further more because of the low cost factor, (b) contaminant 
mapping with a sensor network to supplement prediction models in hazard 
assessment and to guide and assess decontamination of the threat.  
 
We can also make use of the solution nature of the fluorescence probe and/or 
develop a gel matrix to highlight areas of contamination in zones of interest to 
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guide decontamination efforts in reducing the resources and time required in 
large area decontaminations. In this application, fluorescent probes are 
potentially very effective in defining areas that contain CWAs as they may 
fluoresce highlighting the need for decontamination and upon quenching 
indicating the success of the decontamination or vice visa. 
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